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Abstract 
The effect of density on the growth, recruitment of new ramets, biomass allocation, rhizome 
spacer length and rhizome branching of the submersed macrophyte Potamogeton perfoliatus 
L. was experimentally evaluated in a mesocosm with three different initial shoot densities. 
The findings suggest that the number of primary shoots available in the beginning of the sea- 
son can strongly influence patterns of growth and clonal reproduction. In contrast to many 
studies that found decreasing production parameters with plant density, ramet and biomass 
production of Potamogeton perfoliatus plants were highest at medium plant density. This is 
probably due to negative feed-back through crowding at high density and unclear negative 
effects at low density. Shoot allocation tended to increase with density, rhizome allocation 
tended to decrease with density and root biomass remained unchanged. At low density Pota- 
mogeton perfoliatus produced longer rhizome spacers and more branchings than at higher 
densities. Shorter hizome spacers at high plant density probably restrict patch expansion and 
cause discrete patch shapes. A likely mechanism for plastic changes in clonal architecture is 
increasing competition for light at increasing density, but other density-dependent factors 
may also contribute. 
Investigations on propagule numbers of tubers and turions show that self-regulation of ramet 
number was associated with self-regulation ofpropagule number in both Potamogeton perfo- 
liatus and Potamogeton pectinatus, with higher densities producing less propagules per plant. 
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Introduction 
Potamogeton perfoliatus L. and Potamogeton pectina- 
tus L. are common clonal macrophytes in many parts of 
the world. Natural stands of Potamogeton perfoliatus 
have densities from one shoot/m 2 to several hundred 
shoots/m s, Potamogeton pectinatus densities may reach 
more than 1000 shoots/m 2 (own observation). Since 
Potamogeton propagates mainly clonally, shoot density 
is determined by (a) the number of sprouting propagules 
(= plant density), (b) the number of ramets per plant, and 
(c) the rhizome length between shoots. The number of 
sprouting propagules i a product of shoot growth and 
biomass allocation into reproductive structures of the 
previous growth season, and propagule survival during 
winter. In aquatic macrophytes, morphological charac- 
teristics like the number of ramets per plant, spacer 
length and branching may react plastic on environmental 
factors uch as water depth (STRAND & WEISN~R 2001), 
light (BARKO et al. 1982), nutrient availability (BARKO 
et al. 1991), or wave action (IDESTAM-ALMQUIST & 
KAUTSKY 1995). 
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The shoot density of macrophytes is important for 
processes in the littoral ecosystem. Macrophyte density 
or patchiness determines the distribution and age-char- 
acteristics of littoral fish (WEAVER et al. 1997) and can 
affect macro-invertebrates (WEBSTER et al. 1998). Den- 
sity determines the competitive ability of aquatic lonal 
plants in mixed stands (DAVIS • FOURQUREAN 2001), 
and fluctuations in density can facilitate species coexis- 
tence by delaying the exclusion phenomenon (BoNIS et 
al. 1995). Density may have intraspecific feed-backs 
such as light and nutrient modification, orregulation of 
flowering (THOMPSON et al. 1990). 
Most studies of macrophyte density are confined to 
shoot numbers but ignore details on larger hierarchical 
levels, e.g. clone fragments or clones, as well as below- 
ground ynamics. We experimentally evaluated the effect 
of initial 'propagule' density on the growth, recruitment of
new ramets, biomass allocation, spacer length and branch- 
ing of plants of the submersed macrophyte Potamogeton 
perfoliatus in a mesocosm with three monospecific prima- 
ry shoot densities (corresponding to plant number). Turi- 
ons of Potamogeton perfoliatus and tubers of Potamoge- 
ton pectinatus were also investigated, because the number 
of propagules determines the initial density in the follow- 
ing year and is therefore crucial for the modelling and pre- 
diction of patch dynamics. Furthermore the weight of 
propagules influences growth and survival of the pro- 
duced shoots (IDESTAM-ALMQUIST & KAUTSKY 1995; SAN- 
TAMARIA & RODRIGUEZ-GIRONES 2002). 
The main hypotheses tobe tested were: 
1. Ramet production decreases with density in Pota- 
mogeton perfoliatus (self-regulation hypothesis) 
2. Propagule production decreases with density in Pota- 
mogeton perfoliatus and Potamogeton pectinatus. 
Material and Methods 
The mesocosm experiments were conducted in a basin 
of 10 m x 5 m x 1.2 m on the premises of the Limnolog- 
ical Institute (University of Constance), nearby Lake 
Constance, Germany. The distribution of about 8 m 3 of 
lake sediment originating from the lower lake basin cre- 
ated a sediment layer of approximately 15cm depth. 
On May 31,2000, Potamogeton perfoliatus and Pota- 
mogeton pectinatus hoots from nearby natural stands (P. 
pectinatus shoots were collected near Egg, P. perfoliatus 
shoots near Unteruhldingen) were planted in three mono- 
cultural densities (5, 15 and 40) per 0.25 m 2 in three 
replicates. The terms 'low', 'medium' and 'high' density 
are used in a relative sense on the potential scale for the 
number of initial shoots (= plant density). All shoots had 
a shoot length of 150-200 mm, and a maximum rhizome 
length of 100 ram. The quadrats were located within 3 m 
distance of each other to avoid interaction. Treatments 
were randomly located within the mesocosm and plants 
were randomly rooted within the quadrats. 
After planting, the mesocosm was carefully filled 
with lake water to 1 m depth. A pump of a capacity of 
3 L/s maintained a constant flow-through with a renewal 
time of roughly one day. Since the lake water originated 
from 15 m depth, excessive heating of the water was 
avoided. Initial mortality of transplants was < 1% after 8 
days. Shoots grew well and at the end of the experiment, 
part of the shoots from all treatments topped at the water 
surface. 
During the growth period, average length was esti- 
mated by measuring a subsample of ramets. On August 
4, 2000, the water was drained and the rhizome systems 
were carefully dug out by hand. Turions were present 
and showed that the growth phase was already complet- 
ed. Primary, secondary and higher order ramets were 
counted, spacer length was measured. Plants were sepa- 
rated into shoots, rhizomes and roots, and dried at 
105 °C to constant weight. The fractions were weighed 
on an analytic scale. 
Turions could not be harvested quantitatively, be- 
cause they were located deeply in the sediment and 
broke off frequently during digging. Since turions are 
built at all main axes and nearly all branch tips (WOLFER 
& ST~AILE 2004), the number of plants and the number 
of branchings was used to estimate the number of turions 
instead. 
Since the patch perimeter was extremely irregular 
with single runner shoots far from the center, patch size 
was estimated as (a + (2 * r * b) )  2 where a is the side 
length of the quadrat in meters, r is the average total rhi- 
zome length of the plants, and b is a factor correcting for 
branching (b low density = 2.8, b medium density • 2.5, b high density 
-- 1.8). 'Spatial ramet density' (the number of ramets per 
square meter) was calculated as final ramet number di- 
vided by patch size. 
Clones of Potamogeton pectinatus were not harvest- 
ed, but tubers were collected by sieving the sediment 
through amesh of width -- 1 mm. One replicate of the 
density 15 treatment had to be omitted because of har- 
vesting problems. 
Statistical analyses were performed with SAS soft- 
ware (SAS Institute Inc., Cary, NC, USA 1999-2001). 
Proportional data were transformed tothe arcsine of the 
square root before analysis. 
Results 
Length growth dynamics 
The first Potamogeton perfoliatus plants reached the 
water surface after 49 days, which is an average growth 
rate of 16 mm per day. In the beginning, shoots at higher 
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density grew faster in length than at low density (results 
not shown). At harvest, average length per treatment was 
not density dependent any more (Anova, F2. 8 = 1.34; 
p < 0.33). 
Production parameters 
Potamogeton perfoliatus produced between 30 and 343 
ramets per site, variability within treatments was consid- 
erable (Fig. 1 a). Ramet recruitment (Fig. l b) was highest 
at medium plant density (Tukey's HSD-test, F~,s = 8.7, 
p < 0.02). Likewise, total biomass production per initial 
shoot was highest at medium plant density (Tukey's 
HSD-test, F~.8 = 5.4, p < 0.06) (Fig. lc). The average 
specific shoot dry weight of 0.85 g m -1 was not different 
between treatments (Anova, F2, 8 = 0.5, p < 0.6). 
Biomass allocation and spacer length 
Shoot allocation of Potamogeton perfoliatus tended to 
increase with initial shoot density and rhizome alloca- 
tion tended to decrease with density. The final shoot den- 
sity can, however, better explain shoot allocation 
(r 2 = 0.63, n = 9, p < 0.01) and rhizome allocation (r 2 = 
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~' 1t0 31 ,_ / I g 1.50. 
g a ~- c 
r- ¢ ° ~ T 
[ ~_ 1.25. 
lOO 2. t 
o N ° ~ 1.00- I O3 
C ~ 90 ~ 1. _e • 1 
E ¢ t o x ~ 0.75- 
< o 
80. O- ~ 0.50- 
5 15 40 0 100 200 300 400 5 15 40 
initial shoot density/0.25 m 2 final number of ramets initial shoot density/O,25 m s 
Fig. 3. (a) Average rhizome spacer length (mm) _+ S.E. (b) Relationship between total rhizome length and final number of ramets per site, (¢) 
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0.74, n = 9, p < 0.003) than initial density (Fig. 2a, b). 
Root allocation was not affected by final density (r 2 = 
0.001, n = 9, p < 0.93) (Fig. 2c). 
The decrease in rhizome allocation with increasing 
initial density goes along with a non-significant decrease 
in spacer length (Anova, F2, 8 = 1.03, p < 0.4) and a non- 
linear relationship between shoot number and total rhi- 
zome length (r 2 = 0.98, n = 9, p < 0.0001, quadratic term: 
p < 0.04) (Fig. 3a, b). Since medium plant density pro- 
duced more ramets, average rhizome length produced 
per initial shoot was highest at medium plant density, 
medium at low plant density and lowest at high plant 
density, all were significantly different (Anova, F2. 8 = 
16.5, p < 0.004) (Fig. 3c). The average specific rhizome 
dry weight of 0.5 g m q was not different between treat- 
ments (Anova, F2,8 = 0.8, p < 0.5). 
Branchings 
Rhizome branching probability per ramet and number of 
rhizome branchings per plant of Potamogeton perfolia- 
tus were affected by density (Anova, F2,8 = 4.24, 
p < 0.07, respectively F2,8 = 7.4, p < 0.02). The number 
of rhizome branchings per plant was significantly lower 
at high density than at low and medium density (Tukey's 
HSD-test, F1.8 = 8.9, p < 0.02) (Fig. 4b). 
Patch size and spatial density 
Patch size of Potamogeton perfoliatus was higher at 
medium plant density than at medium and at low plant 
density (Tukey's HSD-test, F2, 8 -- 16.7, p < 0.004) 
(Table 1). Spatial density was higher at high density than 
at medium and low density (Tukey's HSD-test, F~, 8 = 
15.7, p < 0.004) (Table 1). 
Propagules 
Turion numbers per plant of Potamogeton perfoliatus 
were affected by density (Anova, F1,8 = 5.4, p < 0.05), 
and were lowest at high plant density and higher at low 
and at medium plant density. Tuber production of Pota- 
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Table 1. Calculated patch sizes and spatial densities. 
Plant density of Patch size (m 2) of Spatial ramet density (m -2) Turion numbers per Tuber numbers per 
P. perfoliatus P. perfoliatus of P. perfoliatus P. perfoliatus plant P. pectinatus plant 
5 2.2 20 
15 4.8 42 
40 1.9 138 
2.1±0.75 8.0±3.1 
2.0±0.10 4.6±02 
1.3±0.25 2.0±0.9 
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mogeton pectinatus decreased with density (Fig. 5a). 
Numbers produced at low density were significantly 
higher than those at high density (Tukey's HSD-test, 
F~,v = 6.51, p < 0.04). Propagule production per plant 
was roughly 4-times higher at low density, and 2-times 
higher at medium and high density in Potamogeton 
pectinatus compared to Potamogeton perfoIiatus 
(Table 1). Average fresh weight per tuber was not signif- 
icantly different between treatments (Anova, F2,v = 0.99, 
p < 0.44). All fresh weight frequency curves were 
skewed to the fight (Fig. 5b). 
Discussion 
The findings suggest that initial density can strongly in- 
fluence patterns of growth and clonal reproduction of 
Potamogeton perfoliatus, by changing (a) relative ramet 
recruitment (b) biomass allocation (c) branching and (d) 
spacer length. 
The hypothesis of negatively density-dependent 
growth was only partly confirmed by the results. In ac- 
cordance with the hypothesis, ramet production and total 
biomass production per initial shoot were lower at high 
density than at medium plant density. Reduced rates of 
ramet recruitment and growth are the most common ef- 
fects of increased ensity in terrestrial plant species (DE 
KROON & KWANT 1991; DE KROON 1993) and higher 
aquatic plant species (MOEN & COHEN 1989; GROTI~ et 
al. 1996). Regulation can take place via mortality con- 
trol (LOVETT-DousT 1981) or natality control (BR~SKE & 
BUTLER 1989; THOMPSON et al. 1990). The investigation 
of rhizome nodes of our experimental plants revealed no 
loss of ramets, suggesting a predominantly natality-reg- 
ulated ramet recruitment in Potamogeton perfoliatus. 
HUTCHIN6S (1979) proposed intraclonal regulation as 
underlying reason for self-regulation of ramet density, 
whereas other authors favor a negative feed-back of de- 
teriorating conditions (e.g. self-shading, nutrient deple- 
tion) due to overcrowding (DE KROON & KWANT 1991). 
Contrary to the self-regulation hypothesis we found 
less ramet production and growth at low density than at 
medium density. CAIN et al. (1995) also found highest 
performance of a terrestrial clonal plant at medium den- 
sity and WORM & REUSC~ (2000) report that reduced 
plant density had negative ffects on eelgrass hoot 
growth during the early stages of recolonization. Re- 
duced fitness at low population size ('Allee effect') is 
often caused by genetic deficiencies (FISCHER et al. 
2000), but low population sizes may also involve growth 
impairment by edge effects (GADNER 1998), increased 
levels of epiphytes (REED 1990), excessive irradiance 
(ScROSAT~ & DEWREEDE 1998), or stochastic mortality 
(DENNIS 2002). We propose that relative ramet recruit- 
ment and biomass production in Potamogeton perfolia- 
tus increases at low ramet densities, reaches an optimum 
where benefits and disadvantages of density-related fac- 
tors counterbalance each other, and decreases at high 
densities. 
Density did not only influence growth but also the 
clonal architecture of Potamogeton perfoliatus: Shoot 
allocation tended to increase with density and rhizome 
allocation tended to decrease with density. The same re- 
sults have been reported for terrestrial plants (BAZZAZ & 
GRACE 1997). In our study, shoot allocation lay well in 
the range reported for Potamogeton perfoIiatus in the lit- 
erature (58-95%, OZIMEK et al. 1976) and from in-situ 
investigations in Lake Constance (WOLFER & STRAILE 
2004). Although researchers often found lower root allo- 
cation of Potamogeton with increasing density (MOEN & 
COHEN 1989; SAND-JENSEN & VIYDBAEK MADSEN 1991), 
our results show no effect of density on root allocation. 
Root allocation probably indicates that nutrient supply is 
adequate, otherwise the plants should react plastic on 
nutrient shortage (AERTS et al. 1991). The reason for the 
observed ifferences in shoot and rhizome allocation 
can be strategies towards different shading conditions 
(e.g. RYSER & EEK 2000). In case of increased self-shad- 
ing due to higher density it would be better for the plant 
to invest (a) in rhizomes in order to grow faster out of the 
shaded site (foraging sensu strictu) at the cost of shoots 
or (b) shoots to catch more light (foraging in a wider 
sense; 'light foraging') at the cost of rhizomes. Strategy 
(a) might be problematic because shoots in high density 
stands already have to cope with a reduced net photosyn- 
thesis as a result of reduced irradiance (ScROSATI & 
DEWREEDE 1998), and might therefore lack the energy to 
built longer rhizomes. In fact, the plants in our study 
showed strategy (b). This is in contradiction tothe forag- 
ing hypothesis, which proposes that plants in 'good' 
habitats (= no shade, sufficient nutrients) should have 
shorter spacers in order to establish amaximum amount 
of shoots in the favorable habitat while plants in less fa- 
vorable habitats (= high density, self-shading, possibly 
nutrient limitation) should grow long spacers in order to 
escape from the bad site (e.g. SUT.ERLAND & STILLMAN 
1988). Field investigations however showed that only 
some plants forage by means of spacer length (HART- 
NETT & BAZZAZ 1985; HUTCHINCS & DE KROON 1994), 
and that foraging might be plastic and depends on the 
relative levels of resources available (WOLFER & 
STRAILE, unpublished data). 
Density affected branching, where plants of the low 
density treatment showed higher branching frequencies 
per ramet han plants of the medium and high density 
treatment. Experiments have shown that self-shading re- 
duces branching and light induces branching in terrestri- 
al plant species (ELLISON & NIKLAS 1987; HUTCHINGS & 
DE KROON 1994) and seagrasses (VERMAAT & VERHA- 
tEN 1996; MARBN et al. 1996). Branching frequency is
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also interpreted as foraging behavior, since increased 
branching maximizes the number of ramets at a suitable 
site (SUTHERLAND ~; STILLMAN 1988). In our experi- 
ment, however, reduced biomass production at low den- 
sity compared to medium density shows, that patch qual- 
ity was not optimal at low density, and nevertheless, 
branching was higher. As a consequence of different 
trends in ramet numbers and branching frequencies, low 
and medium density stands reach similar number of 
branchings per plant, whereas high density plants had 
less branchings. This leads to self-regulation of density 
and has consequences for the production of propagules 
(see below). 
Patch expansion ispartly ruled by the density-regulat- 
ed architecture of clonal growth. Our estimations show 
lower patch expansion at low plant density (due to in- 
creased branching and decreased growth) and at higher 
density (due to shorter hizome length and decreased 
growth), and highest patch expansion at medium densi- 
ty. Also the spatial ramet density was highest at high ini- 
tial density. High density probably restricts patch expan- 
sion and causes compact patch shapes. 
Besides self-regulation with regard to ramet produc- 
tion and branching, Potamogeton perfoliatus also 
showed self-regulation with regard to propagule forma- 
tion. Since turions are formed on branches and are 
therefore a direct consequence ofplant architecture, low 
and medium density plants produced more propagules 
per plant whereas high density plants produced less 
propagules. In Potamogeton pectinatus, the tuber pro- 
duction was negatively density dependent throughout. 
Since the tuber weight did not differ with density, the 
self-regulation f tuber numbers will lead to better start- 
ing conditions in the following year. The higher elative 
propagule production in Potamogeton pectinatus com- 
pared to Potamogeton perfoliatus is probably required 
because P. pectinatus tubers are subject o a high mor- 
tality due to bird foraging, fungus etc. (e.g. HANGEL- 
BROEI¢ et al. 2002), whereas turions are buried deeper in 
the sediment at water depths probably not reached by 
water fowl. 
Summarizing, Potamogeton perfoliatus and Pota- 
mogeton pectinatus plants can lessen low density effects 
and overcrowding by self-regulation of ramet recruit- 
ment, growth and propagule production associated with 
changes in clonal architecture. 
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